siRNA; adipose tissue macrophages; obesity; insulin resistance; foam cells THE INABILITY TO APPROPRIATELY EXPAND adipose tissue (AT) in human obesity may lead to ectopic lipid deposition in liver and skeletal muscle and may be an underlying cause of insulin resistance (14, 17, 26) . Accumulation of immune cells including macrophages in the visceral AT of obese mice and humans creates a chronic inflammatory state that correlates with insulin resistance (18, 23, 30) . These AT macrophages (ATMs) secrete cytokines and other factors that may impair adipocyte capacity to store lipids (18, 23, 30) , promoting the ectopic deposition of lipid in nonadipose tissues. However, some data indicate a beneficial role of ATMs, for example, in increasing adipose lipid storage (16) . ATMs are also required for maintenance of AT homeostasis by regulating angiogenesis, extracellular matrix remodeling, and clearance of dead cells in AT (7, 11, 15, 24, 27) . It is therefore likely that macrophages exert multiple, even opposing effects on adipocytes, depending upon physiological conditions.
To determine whether ATMs contribute to lipid storage and glucose tolerance, we silenced the expression of lipoprotein lipase (LPL) by ATMs. LPL is released by cells within AT and is translocated to the lumen of adipose capillaries, where it binds the glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein-1 (GPIHBP1) (1, 21) . LPL is known to control localized VLDL triglyceride (TG) hydrolysis and uptake of fatty acids into the tissue (1, 21) . The contribution of macrophage-LPL in this function is suggested by experiments showing that depletion of macrophage LPL is effective in reducing lipid-laden foam cell formation in arteries of LDL receptor-null mice (5) . Here, we employed glucanencapsulated siRNA particles (GeRPs) to silence gene expression of LPL specifically in ATMs in obese mice without perturbing macrophages in other tissues, including liver (2, 3, 29) . Such selective silencing of LPL in ATMs of obese mice decreased foam cell formation in AT and caused a marked impairment in glucose tolerance, indicating that ATMs contribute to beneficial lipid storage within AT.
METHODS
All procedures involving animals were approved by the Institutional Animal Care and Use Committee at the University of Massachusetts Medical School.
Preparation of GeRPs. To load siRNA in glucan shells, 3 nmol siRNA (Dharmacon) was incubated with 50 nmol Endo-Porter (Gene Tools) in 30 mM sodium acetate, pH 4.8, for 15 min at room temperature in a final volume of 20 l. The siRNA/Endo-Porter solution was added to 1 mg (Ϸ10 9 ) of glucan shells and then vortexed and incubated for 1 h. The siRNA-loaded GeRPs were then resuspended in PBS and sonicated to ensure homogeneity of the GeRP preparation. GeRPs were kept at 4°C.
Peritoneal macrophage preparation. Eight-week-old C57BL6/J male mice were intraperitoneally injected with 4% thioglycollate broth (Sigma-Aldrich). Five days following injection, the peritoneal cavity was washed with PBS, and peritoneal fluid was filtered through a 70-m diameter pore nylon mesh and centrifuged. The pellet was first treated with red blood cell lysis buffer and plated in DMEM supplemented with 10% fetal bovine serum (FBS), 50 g/ml streptomycin, and 50 U/ml penicillin. Twenty-four hours after isolation, the PECs (peritoneal exudate cells) were treated with siRNA.
Gene silencing by siRNA/EP particles in vitro in cell culture. siRNA (160 pmol; Dharmacon) was incubated with 3 nmol EP in PBS for 15 min and added to 1 ϫ 10 6 cells. Forty-eight hours after treatment, mRNA, media, and protein were harvested.
GeRP administration and tissue isolation. Eight-week-old C57BL6/J or 5-wk-old ob/ob male mice were injected once a day for five days with 5.6 mg/kg GeRPs ip loaded with 2.1 mg/kg EP and 0.262 mg/kg siRNA. Further analyses were performed 24 h after the last injection. siRNA containing GeRPs are taken up by phagocytic cells such as dendritic cells, macrophages and neutrophils.
Isolation of adipocytes, stromal vascular fraction (SVF) cells, and
ATMs. Epididymal fat pads were mechanically dissociated using the gentleMACS Dissociator (Miltenyi Biotec) and collagenase was digested at 37°C for 45 min in Hank's buffered saline solution (HBSS; GIBCO, Life technologies), containing 2% bovine serum albumin (American Bioanalytical) and 2 mg/ml collagenase (Sigma-Aldrich). Samples were then filtered through 100-m diameter pore nylon mesh and centrifuged. The adipocyte layer was collected and washed for further analysis. The pelleted cells were collected as the SVF. The SVF cells were then treated with red blood cell lysis buffer and washed in PBS and plated or directly harvested for further analysis. For ATM isolation, the SVF pellet was resuspended in 1 ml of selection buffer (PBS, 2 mmol/l EDTA, and 0.5% BSA), and the CD11b-positive cells were selected using CD11b microbeads (Miltenyi Biotec), according to the manufacturer's instructions.
Isolation of RNA and real-time PCR. RNA isolation was performed according to the TRIzol Reagent protocol (Invitrogen). cDNA was synthesized from 0.5-1 g of total RNA using an iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's instructions. For real-time PCR, synthesized cDNA, forward and reverse primers along with the iQ SYBR Green Supermix were run on the CFX96 Realtime PCR System (Bio-Rad). The ribosomal mRNA 36B4 was used as an internal loading control, as its expression did not change over a 24-h period with the addition of LPS or siRNA against the genes used in this study.
Western blot. Protein samples were separated on a 12% SDSpolyacrylamide gel and transferred to a nitrocellulose membrane. Membranes were then analyzed by Western blot analysis using anti-LPL (Abcam) and anti-actin (Sigma-Aldrich) antibodies.
Flow cytometry. SVF cells from mice treated with FITC-GeRPs were incubated for 20 min in blocking buffer containing 1% BSA and Fc block (eBioscience) for 15 min at 4°C to block nonspecific binding. Cells were then counted and incubated for an additional 20 min in the dark at 4°C with fluorophore-conjugated primary antibodies or isotype control antibodies (AbD Serotec). Antibodies used in these studies included F4/80-APC (AbD Serotec), CD11b-PerCP-Cy5.5 (BD bioscience), and Bodipy-FITC (Invitrogen).
Subsequently, cells were analyzed by flow cytometry in an LSRII cytometer (BD Bioscience). FlowJo software (Treestar) was used to identify the different cell populations; 100,000 events were recorded.
For sorting experiments, SVF cells were run through a FACS Vantage (BD Bioscience). Both FITCϩ and FITCϪ populations were collected, and RNA was harvested for RT-PCR.
Microscopy. For SVF, fixed cells were incubated with rat antimouse F4/80 primary antibody (AbD-Serotec) followed by goat anti-rat Alexa fluor 594 secondary antibody (Invitrogen). Cells were mounted in Prolong Gold anti-fade with DAPI (Invitrogen).
Cell images were obtained with a Solamere CSU10 Spinning Disk confocal system mounted on a Nikon TE2000-E2 inverted microscope.
For tissues, fixed sections were stained with hematoxylin and eosin (H&E). Images were obtained using a Zeiss Axiovert 200 inverted microscope equipped with a Zeiss AxioCam HR CCD camera with 1,300 ϫ 1,030 pixels basic resolution and a Zeiss Plan NeoFluar ϫ20/0.50 Ph2 (DIC II) objective.
Transmission electron microscopy. Samples were processed and analyzed at the University of Massachusetts Medical School Electron Microscopy Core Facility according to standard procedures. Briefly, pieces of whole adipose tissue were fixed in 2.5% gluteraldehyde in 0.1 M sodium cacodylate buffer and left overnight at 4°C. The samples were then rinsed twice in the same fixation buffer and postfixed with 1% osmium tetroxide for 1 h at room temperature. Samples were then washed twice with DH2O for 5 min and then dehydrated through a graded ethanol series of 20% increments, before two changes in 100% ethanol. Samples were then infiltrated first with two changes of 100% propylene oxide and then with a 50%/50% propylene oxide-SPI-Pon 812 resin mixture. The following day, three changes of fresh 100% SPI-Pon 812 resin were done before the samples were polymerized at 68°C in plastic capsules. The samples were then thin-sectioned, and the sections were placed on copper support grids and contrasted with lead citrate and uranyl acetate. Sections were examined using the FEI Tecani 12 BT with 80 Kv accelerating voltage, and images were captured using a Gatan TEM CCD camera.
TG, LDL/VLDL, HDL-cholesterol, and FFA measurements. TG, LDL/VLDL, HDL-cholesterol, and FFA concentrations in serum and liver homogenate were measured using commercial kits according to manufacturer's protocol (Cayman Chemical).
Glucose and pyruvate tolerance tests. Pyruvate and glucose tolerance tests were performed on ob/ob animals 5 days after GeRP treatment. Pyruvate (1 g/kg) and glucose (1 g/kg) were administered by intraperitoneal injection. Blood samples were withdrawn from the tail vein at the indicated time, and glycemia was determined using glucometers (Bayer-Breeze 2 and Abbott Alphatrak).
Lipolysis assay. Epididymal fat pads were manually cut into small pieces and collagenase digested at 37°C for 20 min in HBSS containing 2% bovine serum albumin (American Bioanalytical) and 2 mg/ml collagenase (Sigma-Aldrich). Samples were then filtered through 100-m diameter pore nylon mesh and centrifuged. The adipocyte layer and the supernatant were collected and washed twice with PBS. Adipocytes were then incubated at 37°C in KRH buffer (12.6 mM NaCl, 0.14 M KCl, 1 M CaCl 2, 1.2 M MgSO4, 1.2 M KHPO4, 1 M HEPES, pH 7.2) in the absence or presence of 10 M isoproterenol (Sigma) for 2 h. The medium was collected and assayed for glycerol content using a commercial colorimetric assay kit from Sigma according to the manufacturer's protocol.
aP2 secretion analysis. Adipocytes were isolated from untreated ob/ob mice and incubated for 1 h in DMEM containing 10% fetal bovine serum and 1% penicillin-streptomycin. Adipocytes were then washed in PBS and incubated for 1 h in the different conditioned media. Next, fresh medium was added to adipocytes, and aP2 was measured after 1 h. aP2 levels in media and serum were measured by ELISA (Biovendor) according to the manufacturer's protocol.
Statistics. The statistical significance of the differences in the means of experimental groups was determined by Student's t-test or one-way or two-way ANOVA and Bonferroni or Tukey's posttests using GraphPad Prism 5.0a software. The data are presented as means Ϯ SE.
RESULTS AND DISCUSSION
Lipid uptake by ATMs increases with obesity. Most relevant literature describes ATMs as detrimental to whole body metabolism through secretion of inflammatory cytokines and other factors that may impair adipocyte function (18, 23, 30) . However, recent work has indicated a beneficial role of ATMs, for example in increasing adipose lipid storage (16) . To determine the role of ATM lipid handling in systemic metabolism, we first measured the effect of obesity on formation of lipidladen macrophages in the AT. Flow cytometry was performed on the SVF of 6-wk-old obese ob/ob mice and wild-type (WT) lean controls, using antibodies against the macrophage markers F4/80 and CD11b and the lipid stain bodipy (Fig. 1) . We first confirmed that macrophage content was increased in epididymal AT (visceral AT; VAT) of ob/ob compared with WT mice (data not shown). Consistent with previous studies (25) , the percentage of lipid-laden macrophages (defined as bodipy ϩ / F4/80 ϩ /CD11b ϩ ) was significantly increased in the VAT of ob/ob compared with WT mice (Fig. 1, A and B) . To confirm the presence of foam cells in AT, fluorescence and transmission electron microscopy (TEM) were performed on epididymal SVF of ob/ob mice (Fig. 1, C and D) . Figure 1C shows a representative macrophage (F4/80, red) containing lipid droplets (bodipy, green). Interestingly, lipid-laden ATMs were multinucleated, as previously described (31) . The TEM image presented shows a macrophage with characteristics described in previous studies (19, 30) , with lipid droplets (arrows) confirming the presence of lipid-laden macrophages in the VAT of ob/ob mice (Fig. 1D) . Together, these data indicate that lipid uptake by macrophages in the VAT is increased with obesity.
Consistent with an increased inflammatory state in the AT of obese mice, the expression of the inflammatory cytokines tumor necrosis factor-␣ (TNF-␣) and interleukin-1␤ (IL-1␤) was significantly increased in ob/ob compared with WT AT (Fig. 1E) . Surprisingly, whereas the expression of multiple genes involved in lipid uptake, synthesis, and storage was decreased in the SVF of obese compared with WT animals, the expression of LPL was significantly higher in the SVF of obese compared with lean mice (Fig. 1E) . Because the SVF contains multiple cell types, which could contribute to the variation in gene expression, we isolated ATMs by using CD11b magnetic bead pull-down from WT and ob/ob AT. We then measured the expression of LPL as well as other genes involved in lipid metabolism, including fatty acid synthase (FASN), CD36, VLDL receptor (VLDLr), peroxisome proliferator-activated receptor-␥ (PPAR␥), stearoyl-CoA desaturase-1 (SCD1), and fatty acid-binding protein-4 (fabp4/aP2) (Fig. 1F) . Similarly to the SVF, only the expression of LPL was significantly increased in epididymal ATMs of ob/ob mice compared with their lean WT littermates (Fig. 1F ). This finding is consistent with data showing that ATMs mostly accumulate lipids via activation of lipid uptake rather than de novo lipogenesis (25) .
GeRP-mediated LPL silencing decreases lipid uptake by ATMs. Primary peritoneal macrophages were used to screen for potent siRNAs against LPL, and two sequences were chosen (Fig. 2, A and B) . Both siRNA sequences against the target gene significantly silenced the expression of LPL ( Fig. 2A) . Furthermore, LPL protein levels were significantly silenced by the targeting siRNAs compared with scrambled (SCR) siRNA or no treatment (Fig. 2B) . These data reveal that LPL can be depleted by LPL siRNA in primary macrophages in vitro, as detected either at either the mRNA or the protein level.
To test the hypothesis that LPL is required for lipid uptake by macrophages in AT, LPL was selectively depleted in ATMs Peritoneal macrophages (1 ϫ 10 6 ) were treated with particles made with a mixture of 160 pmol siRNA and 3 nmol EP. Forty-eight hours after treatment, mRNA levels were measured by RT-PCR (A) and protein by Western blot (B). C: outline of GeRP treatment given to mice. Briefly, mice were injected for 5 consecutive days with 5.6 mg GeRPs/kg body wt loaded with 262 g siRNA/kg body wt and 2.1 mg EP/kg body wt. On day 6, tissues were isolated. D: mRNA expression of LPL in VAT and liver from mice treated with SCR-or LPL-GeRPs; n ϭ 14 -15. E: representative LPL Western blot and densitometry using epididymal SVF lysates from mice treated with SCR-or LPL -GeRPs. Actin was used as a loading control. Statistical significance was determined by Student's t-test. **P Ͻ 0.01, *P Ͻ 0.05. F: representative flow cytometry dot plots and MFI of ATMs stained with bodipy. G: Percentage of macrophages expressing bodipy; n ϭ 10. All graphs are expressed as means Ϯ SE. Statistical significance was determined by Student's t-test. ***P Ͻ 0.001, **P Ͻ 0.01, *P Ͻ 0.05. H: TEM of whole VAT from ob/ob mice treated with SCR-or LPL-GeRPs; A, adipocyte; arrows, GeRPs. Scale bar, 5 m.
of obese mice by intraperitoneal injections with GeRPs loaded with SCR or LPL siRNA (see protocol outline in Fig. 2C ). As previously described (2), silencing was specific to visceral phagocytes, as no depletion of the target gene products was observed in livers of GeRP-treated mice (Fig. 2D) . Other studies we have performed showed no gene silencing with this technique in macrophages present in other tissues of the obese mice, including lung, pancreas, spleen, and muscle (2) . LPL protein levels in SVF isolated from epididymal AT of mice treated with LPL-GeRPs were also significantly reduced compared with mice treated with SCR-GeRPs (Fig. 2E) . Importantly, flow cytometry showed that silencing LPL in ATMs significantly decreased lipid accumulation in VAT macrophage (Fig. 2, F and G) , whereas it had no effect on total macrophage content in VAT (data not shown). Careful analysis of epididymal AT sections by TEM showed lipid droplets in macrophages containing GeRPs within AT. Treatment with LPLGeRPs reduced the presence of these lipid droplets in ATM (Fig. 2H) . These results suggested that ATM LPL contributes to obesity-induced lipid uptake by macrophages in VAT.
LPL silencing in ATMs increases serum FFA levels. Although lipid uptake by ATMs has been suggested to contribute to lipid storage in AT (4, 16) , LPL deficiency in macrophages throughout the body did not regulate adiposity in mice fed a HFD (28) . Similarly, we found that body weight gain, epididymal fad pad weight, and adipocyte number and size were unchanged following LPL silencing specific to epididymal ATMs over this relatively short period (data not shown). Treatment of ob/ob mice with LPL-GeRPs also had no impact on serum TG levels, LDL/VLDL-cholesterol, and HDL-cholesterol (Fig. 3, A and B) , consistent with a recent study showing that LPL depletion in the myeloid lineage has no effect on circulating TG and cholesterol levels (28) . Therefore, steady-state circulating TG levels could be maintained in mice treated with LPL-GeRPs compared with SCR-GeRPs by the normal expression of LPL in other tissues.
Although LPL silencing had no impact on serum TG and cholesterol levels, serum FFA levels were significantly increased following ATM LPL silencing (Fig. 3C) . One study suggested that ATMs can buffer local increases in lipid and suppress local adipocyte lipolysis, decreasing lipid levels in the circulation (16) . In an effort to test whether LPL silencing in ATMs increased serum FFA levels through regulation of lipid release by adipocytes, we found that LPL depletion in ATMs had no effect on the expression of hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), involved in lipolysis (Fig. 3D) . In addition, lipolysis under basal conditions or following ␤-adrenergic stimulation by isoproterenol remained unchanged in isolated adipocytes derived from mice treated with LPL-GeRPs or SCR-GeRPs (Fig. 3E) . Consistently, LPL-GeRP treatment had no effect on serum glycerol levels in mice fasted overnight (data not shown). These results suggested that the increased circulating FFA levels observed in mice treated with LPL-GeRPs could be due to a decreased ability of ATMs to store excess lipids released by adipocytes in the obese state rather than a direct regulation of lipolysis by macrophages.
In testing this idea, we found that LPL silencing in ATMs not only decreased LPL mRNA but also caused an overall trend toward decreasing the expression of genes involved in lipid metabolism in SVF (Fig. 3F) . LPL silencing in ATMs also resulted in a significant decrease of CD36 and diglyceride acyltransferase-2 (DGAT2) expression when measured in SVF cells isolated by fluorescence-activated cell sorting (FACS) on the basis of their FITC-GeRP signal. This was consistent with a decreased FFA uptake and esterification by ATMs following LPL silencing (Fig. 3G) . To confirm this hypothesis, we measured the percentage of foam cells in AT following fastinginduced lipolysis (Fig. 3H) . Consistent with the idea that ATMs take up FFA released by adipocytes in fasting condition (16) , in obese mice treated with PBS, fasting increased the percentage of bodipy ϩ ATMs (Fig. 3H) . Furthermore, flow cytometry analysis showed that the increase in bodipy ϩ ATMs under fasting condition was blocked following LPL silencing in ATMs (Fig. 3H) . Taken together, these results suggest that silencing LPL unexpectedly decreases the capacity of ATMs to take up the excess FFA released by adipocytes. A potential mechanism for this surprising effect may relate to studies suggesting that hydrolysis of TG by LPL releases ligands for PPAR␣/␦ transcription factors known to drive the expression of lipogenic genes including DGAT2 and CD36 that are decreased by ATM LPL silencing (9, 32) . However, LPL silencing decreased the expression of CD36 and DGAT2, while the expression of other PPAR target genes remained unchanged. Although additional work would be needed to unravel the mechanism whereby LPL silencing secondarily decreases CD36 and DGAT2 gene expression, previous studies (8, 22) as well as our work suggest that different transcription factors, coactivators, or repressors may be involved in the transcriptional regulation of lipogenic genes in macrophages deficient in LPL.
Silencing LPL in visceral ATMs exacerbates glucose intolerance in ob/ob mice. Increased serum FFA levels have been shown to positively regulate glucose production by liver (6, 10, 12) . Although hepatic steatosis, as observed in H&E-stained liver sections and liver TG content, was unchanged following LPL silencing (Fig. 4, A and B) , the expression of two gluconeogenic enzymes, phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), was significantly increased in livers from ob/ob mice treated with LPL-GeRPs compared with SCR-GeRPs (Fig. 4C) . To further assess hepatic glucose production, mice were challenged with the gluconeogenic precursor pyruvate (Fig. 4D) . Silencing LPL in visceral ATMs exacerbated pyruvate intolerance in mice treated with LPL-compared with SCR-GeRPs (Fig. 4D) . Given that increased hepatic glucose output often results in exacerbated systemic glucose tolerance, we performed glucose tolerance tests (GTT) in ob/ob mice treated with LPL-GeRPs or SCR-GeRPs (Fig. 4E ). Mice treated with LPL-GeRPs were significantly less glucose tolerant than mice treated with SCRGeRPs (Fig. 4E ). This effect on glucose tolerance occurred independently of an effect on insulin tolerance, fasting glucose, or insulin levels, or islet morphology (data not shown).
Since LPL silencing resulted in a significant decrease in CD36 expression in ATMs, we also performed GTT in mice treated with SCR-or CD36-GeRPs. Similar to LPL silencing, CD36 knockdown in ATMs led to a further impairment of glucose tolerance in ob/ob mice (Fig. 4F) . However, CD36 deficiency in hematopoietic cells obtained with bone marrow transplantation was shown to decrease the accumulation of immune cells within AT in obesity, with a concomitant improvement in insulin action (20) . This discrepancy could be explained by the use of bone marrow transplantation in this previous study, which affects all immune cells rather than phagocytes specifically. Indeed, CD36 has been shown to play opposite roles in the regulation of insulin sensitivity depending on the tissue in which it functions (13) . Interestingly, treatment of lean healthy mice with LPL-GeRPs had no significant effect on glucose tolerance or circulating FFA (Fig. 4, G and H) . This confirmed the ability of AT in lean healthy mice to appropriately store lipids and the minimal role that ATMs play in this process in lean mice. However, ATMs may contribute to lipid storage in the AT of obese mice, thus preventing glucose intolerance induced by increased circulating FFA.
Silencing LPL in visceral ATMs increases fatty aP2 production by adipocytes in ob/ob mice. To further investigate the mechanism whereby LPL silencing in ATMs exacerbates glucose intolerance in obese mice, we measured the expression of lipogenic and inflammatory genes in the AT of mice treated with LPL-GeRPs compared with SCR-GeRPs (Fig. 5A) . Interestingly, whereas the expression of several lipogenic and inflammation-related genes remained unchanged, the expression of aP2 was significantly increased in the AT of mice treated with LPL-GeRPs (Fig. 5A) . Moreover, RT-PCR analysis revealed that aP2 expression was significantly increased in isolated adipocytes recovered from VAT of mice treated with LPL-GeRPs compared with SCR-GeRPs (Fig. 5B) . Importantly, aP2 levels in the serum were also significantly increased in mice treated with LPL-GeRPs compared with SCR-GeRPs (Fig. 5C ). Interestingly, a recent study showed that aP2 could This results in reduced lipid uptake (via CD36) and esterification (via DGAT2) by ATMs and a concomitant increase in circulating FFA. In parallel, silencing LPL in ATMs is accompanied by an increase in aP2 expression and secretion by adipocytes. The increases in circulating aP2 and FFA may enhance hepatic gluconeogenesis, thus contributing to the impairment of glucose tolerance observed in ob/ob mice following LPL silencing in ATMs. Short vertical arrows indicate effects (arrow up, increase; arrow down, decrease) on specific components or pathways in response to silencing LPL in ATMs.
be secreted by adipocytes (6) . To test this hypothesis, primary adipocytes were treated with medium containing 10% serum or conditioned medium of SVF isolated from ob/ob mice treated with SCR-or LPL-GeRPs (Fig. 5D ). After 1-h incubation medium was removed and fresh medium added to avoid measurement of aP2 present in conditioned medium. Although media of SVF had no effect on aP2 protein levels, we found that treatment of adipocytes with serum from mice treated with LPL-GeRPs increased aP2 levels compared with serum of mice treated with SCR-GeRPs (Fig. 5D) . These results confirmed that silencing LPL in ATMs induces aP2 secretion from adipocytes and showed that this regulation occurs through an endocrine rather than a paracrine mechanism. Interestingly, although secretion of aP2 from adipocytes has been shown to be regulated by lipolysis-related signals (6), in our model aP2 production by adipocytes occurred independently of an effect on lipolysis (Fig. 3E) .
Because treatment of mice with recombinant aP2 has been shown to increase hepatic glucose production, whereas aP2 neutralization reduced it (6), silencing LPL in ATMs may exacerbate glucose intolerance and hepatic glucose production not only by increasing circulating FFA but also by inducing aP2 secretion. Taken together, these results show that silencing LPL in ATMs exacerbates glucose intolerance and hepatic glucose production (See model in Fig. 6 ). This impairment in glucose homeostasis is accompanied by an increase in serum FFA and aP2 levels in obese mice. Additional work will be needed to test whether there is a causal relationship between the increases in serum FFA and aP2 and glucose intolerance in obese mice following LPL silencing in ATMs.
